C
holinergic deficiency is the most severe and consistent biochemical change in Alzheimer's disease. This is seen as reduced levels of acetylcholine, choline acetyltransferase, and acetylcholinesterase, 1 2 reported in both necropsy brain samples and in cerebrospinal fluid. Only recently has it been possible to measure the acetylcholinesterase activity directly in the brain in vivo.
With positron emission tomography (PET), cortical acetylcholinesterase activity has been evaluated by piperidyl derivatives such as N-[ . [4] [5] [6] [7] In these studies, the cortical cholinergic activity in Alzheimer's disease has been reported to decline by 16-45% compared with healthy controls.
Mild cognitive impairment is a transitional stage between normal aging and early Alzheimer's disease. 8 9 Individuals with mild cognitive impairment have memory impairment by definition, but their general cognitive function is normal and activities of daily living are intact. Volumetric magnetic resonance imaging (MRI) has shown that the entorhinal cortex and hippocampal volumes are reduced in mild cognitive impairment, 10 and that there is loss of entorhinal cortex neurones. 11 In PET studies, reduction of glucose metabolism in the hippocampal formation has been seen without any significant neocortical change. 12 Imaging results therefore indicate that at a structural and metabolic level the first pathological changes develop in the entorhinal and hippocampal areas. However, little is known about the cholinergic system in mild cognitive impairment.
We were interested to determine whether changes in the cholinergic system in the temporal regions could be detected in the early phases of the Alzheimer process. We therefore undertook [ 11 C]MP4A PET studies in healthy controls and in patients with mild cognitive impairment and early Alzheimer's disease.
METHODS

Patients
We studied 13 patients with Alzheimer's disease (eight women and five men; mean (SD) age, 68.8 (9.0) years) who fulfilled the NINCDS-ADRDA criteria for probable Alzheimer's disease. All patients underwent a full clinical neurological investigation, laboratory tests, neuropsychological investigation, and brain 1.5 T MRI. The neuropsychological investigation consisted of tests assessing attention, memory, language, psychomotor functions, and visuospatial and visuoconstructive abilities. In addition, the mini-mental state examination (MMSE) was carried out. Mean (SD) MMSE scores were 20.4 (5.5), range 16 to 25. The clinical dementia rating was 1.0 in all patients, indicating that they all had mild Alzheimer's disease. The onset of the disease was below 65 years of age in four patients.
The patients with mild cognitive impairment (n = 12, seven women and five men; mean (SD) age, 64.8 (8.8) years) had subjective memory complaints and showed an impairment greater than 1.5 SD from the mean of healthy controls in at least one memory test. 8 9 The MMSE score was equal to or greater than 25 in all cases, the mean (SD) MMSE score being 26.0 (1.1), range 25 to 28. The CDR score for all subjects with mild cognitive impairment was 0.5. The subjects with mild cognitive impairment underwent the same investigations as the Alzheimer group.
In addition, we studied 12 healthy elderly volunteers as controls (seven women and five men; mean (SD) age, 64.8 (6.5) years) who had no history of neurological or psychiatric disorders. These were mainly spouses of the subjects with Alzheimer's disease and mild cognitive impairment and had no family history of Alzheimer's disease.
All participants gave their written informed consent. The study was approved by the joint ethics committee of Turku University and Turku University Central Hospital.
Radiochemistry [ 11 C]MP4A was produced by the reaction of 4-acetylpiperidine, generated in situ from its hydrochloride salt using 2,2,6,6,N-pentamethyl-piperidine (PMP) and [ 11 C]methyl triflate in methanol/acetonitrile for one minute at 60°C. Details of the method have been published previously. 13 The radiochemical purity of the product was greater than 99%, and the specific radioactivity greater than 37 MBq/nmol.
PET imaging
The PET imaging was undertaken with a GE Advance PET scanner (General Electric Medical Systems, Milwaukee, Wisconsin, USA) in the three dimensional scanning mode, as described earlier. 13 The injected doses of radioactivities were 515 (119) MBq for Alzheimer's disease, 538 (85) MBq for mild cognitive impairment, and 526 (77) MBq for controls. [ 11 C]MP4A was injected intravenously as a bolus during 80 seconds, and a dynamic 60 minute study was performed.
To obtain the input function, arterial radioactivity concentrations were measured. For the metabolite analysis, the amount of unchanged [ 11 C]MP4A in arterial plasma was determined using high performance liquid chromatography.
Regions of interest
For anatomical reference and to exclude structural lesions, each individual was scanned with MRI. MRI scans were acquired with a 1.5 T Siemens Magnetom system (Erlangen, Germany) using a standard head coil. A sagittal three dimensional MPR sequence (magnetisation prepared rapid gradient echo; time of repetition 10, time of echo 4, flip angle 10°, matrix 192 × 256, contiguous 1.5 mm slices, one acquisition) was obtained in all cases. For evaluation of hippocampal atrophy, oblique coronal 3 mm thick slices oriented perpendicularly to the long axis of hippocampus were reconstructed.
PET and MRI planes were realigned with a surface fit computer program 14 so that the planes corresponded in the axial and transaxial position. After realignment, regions of interest (ROIs) were drawn on magnetic resonance (MR) images and transferred to the corresponding planes in the PET images. ROIs were delineated to the prefrontal cortex (areas 9 and 10 in five planes), the parietal cortex (in three planes), the lateral temporal cortex (in four planes), and the hippocampus (in two planes) in the medial temporal lobe in each hemisphere. The rate constants (k 3 ) for hydrolysis of [ 11 C]MP4A were estimated using a mathematical model described previously, 4 15 with the metabolite corrected arterial plasma activity as the input function.
Evaluation of hippocampal atrophy
Possible hippocampal atrophy was evaluated visually by an experienced neuroradiologist (TK), and scored from no atrophy (0) to severe atrophy (4) using a five point scale. 16 The left hippocampus and the right hippocampus were evaluated separately.
Statistics
The statistical computations were performed with the SAS System for Windows, release 8.00 (SAS Inc, Cary, North Carolina, USA). As there were no significant side to side differences in the k 3 values, average left and right hemisphere values were used for the statistical analysis. One way analysis of variance (ANOVA) was done to compare k 3 values between the subject groups. When ANOVA revealed differences between subject groups, individual group means were compared with each other using Student's t test with Bonferroni correction for multiple comparisons. Pearson's correlation coefficient was used to test the association between the k 3 values and MMSE scores of the patients. The semiquantitative hippocampal volumes were compared between the groups using KruskallWallis ANOVA. Probability (p) values of < 0.05 were interpreted as statistically significant.
RESULTS
One way ANOVA showed that there was a significant difference in acetylcholinesterase activity between the subject groups only in the hippocampus (p = 0.03). In Alzheimer's disease, the mean acetylcholinesterase activity in the hippocampus was reduced by 27% from the control mean (p = 0.04 after Bonferroni correction for multiple comparisons). The reductions in other brain areas varied between 2% and 23%. In mild cognitive impairment, the hippocampal k 3 for [ There was no significant correlation between the MMSE scores and acetylcholinesterase activity in the combined mild cognitive impairment/Alzheimer group (r ranging from −0.08 to 0.18, p > 0.41 in all correlations).
DISCUSSION
Our results show that there is a slight reduction in acetylcholinesterase activity in the hippocampus in patients with early Alzheimer's disease. In mild cognitive impairment the mean hippocampal acetylcholinesterase activity was less than in controls, but the difference was not statistically significant. The mean acetylcholinesterase activity was reduced by 27% in the hippocampus in Alzheimer's disease, and by 20% in the lateral temporal cortex and 23% in the parietal cortex, but was at mean control level in the frontal cortex and thalamus. In previous studies, more severe and widespread reductions in acetylcholinesterase activity have been reported, 3 4 6 7 but the reduction was most severe in the parietotemporal cortex, 3 where reductions were also seen in the present study. In the previous studies, the patients have, however, been more severely demented-judging by the mean MMSE scores (14, 4 17. 6 6 )-than the patients in the present study (mean MMSE score 20.4). Accordingly, in necropsy brain tissue, cortical acetylcholinesterase activity did not differ significantly between subjects with CDR scores of 0.0 to 2.0, but was significantly different in subjects with severe dementia (CDR scores 4.0-5.0). 17 It may be that in early Alzheimer's disease and mild cognitive impairment there is relative upregulation or compensation of acetylcholinesterase, as has recently been reported for choline acetyltransferase. 18 However, at least in the present study acetylcholinesterase levels did not exceed that seen in controls (except for the thalamus) in either Alzheimer's disease or mild cognitive impairment.
To our knowledge, this is the first study to investigate in vivo acetylcholinesterase activity in patients with mild cognitive impairment. This condition is a risk stage for developing Alzheimer's disease, and the rate of conversion to dementia (usually to Alzheimer's disease) has varied between 6% and 25%, being usually around 12-15% annually. 9 Thus a considerable number of people with mild cognitive impairment may have early Alzheimer's disease changes in the brain. We saw a 17% reduction in mean hippocampal acetylcholinesterase activity in mild cognitive impairment, whereas the activity in all other brain areas was between 90% to 111% of the control mean. This is compatible with the pathology being concentrated in the entorhinal cortex and the hippocampus in mild cognitive impairment. In addition, nucleus basalis cholinergic neurones projecting to cortical areas are preserved in mild cognitive impairment, 19 indicating that neocortical cholinergic activity is relatively intact in this condition.
The entorhinal cortex and hippocampus show atrophy and neuronal loss in both mild cognitive impairment and Alzheimer's disease. 10 11 Also in the present study, hippocampal atrophy-estimated visually by a semiquantitative scale-was increased in both conditions compared with the healthy controls. An excellent correlation of this kind of visual evaluation with volumetric measurements has been shown. 20 The reduced hippocampal volume together with reduced k 3 for methylpiperidyl acetate raises the question of a partial volume effect. However, in the present study, the ROIs were drawn on MR images matched with the PET images, and the ROIs were thus determined by anatomical reference and not by the distribution of radioactivity concentration. The volume of the hippocampal ROIs was not different between the subject groups, indicating that the partial volume effect is unlikely to explain the present results. In previous studies, 3 6 the ROIs were drawn without matching MR and PET images. Thus the partial volume effect might have enhanced the reductions reported. On the other hand, it was noted that atrophy had little influence on the measures of k 3 decline in acetylcholinesterase activity. 3 Acetylcholinesterase is located in both cholinergic and cholinoceptive (non-cholinergic) neurones. It has been noted that people with Alzheimer's disease may display an almost normal density of acetylcholinesterase-rich cholinoceptive perikarya in regions of the cortex that show severe loss of acetylcholinesterase-rich axons. 21 Thus in early Alzheimer's disease, ligands reflecting acetylcholine synthesis could be more useful in the early diagnosis than those reflecting acetylcholinesterase activity.
